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Abstract

Horizontal gene transfer mediated by broad-host-range plasmids is an important mechanism of 

antibiotic resistance spread. While not all bacteria maintain plasmids equally well, plasmid 

persistence can improve over time, yet no general evolutionary mechanisms have emerged. Our 

goal was to identify these mechanisms, and to assess if adaptation to one plasmid affects the 

permissiveness to others. We experimentally evolved Pseudomonas sp. H2 containing multi-drug 

resistance plasmid RP4, determined plasmid persistence and cost using a joint experimental-

modeling approach, resequenced evolved clones, and reconstructed key mutations. Plasmid 

persistence improved in fewer than 600 generations because the fitness cost turned into a benefit. 

Improved retention of naive plasmids indicated that the host evolved towards increased plasmid 

permissiveness. Key chromosomal mutations affected two accessory helicases and the RNA 
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polymerase β-subunit. Our and other findings suggest that poor plasmid persistence can be caused 

by a high cost involving helicase-plasmid interactions that can be rapidly ameliorated.
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Analyses of the genome sequences of prokaryotes have clearly revealed that horizontal gene 

transfer (HGT) plays an important role in their evolution (1). It mediates wholesale 

acquisition of genes encoding traits that can be advantageous. A prime example of great 

concern to human health is the plasmid mediated spread of antibiotic resistance and 

virulence genes, such as the recent worldwide dissemination of resistance to colistin, an 

antibiotic of last resort (2). Plasmids are very common in bacteria (3), and those with a 

broad host-range play a critical role in gene spread among phylogenetically distinct bacteria 

(4). The same plasmid types found before the antibiotic era now often contain multiple 

antibiotic resistance genes (5), and are present in both clinical and environmental isolates 

(6).

Not all bacteria maintain plasmids equally well, with great differences even between 

members of the same genus (7). To curb the spread of plasmid-mediated antibiotic resistance 

and virulence it is vital that we understand the basis of these differences, and how so-called 

‘plasmid permissiveness’ can evolve over time. Persistence of a plasmid in a bacterial 

population hinges upon correctly balancing efficient replication, accurate segregation, 

plasmid cost, conjugative transfer, post-segregational killing and selection on beneficial 

accessory traits (8, 9). While these processes are entirely or partially encoded by the 

plasmid, they also require host housekeeping functions. Plasmids and chromosomes thus 

interact in ways we do not yet understand (10, 11, 12), resulting in host-dependent plasmid 

persistence (7).

Poor bacteria-plasmid relationships can improve due to evolution of the plasmid (13, 14), the 

host (10, 15, 16) or both (17, 18). Plasmid-encoded mutations tend to affect replication, cost, 

or inheritance (14, 18, 19, 20) while those in the host often affect global gene expression and 

plasmid cost (10, 11). However, no general mechanism for plasmid-host stabilization has yet 

emerged. It is also unknown if a host that adapts to one plasmid can be pre-adapted to 

others, thereby facilitating persistence and spread of a range of multidrug resistance (MDR) 

plasmids.

To determine evolutionary patterns of plasmid stabilization in bacteria, several combinations 

of plasmids and hosts should be experimentally evolved and analyzed. Here we report on the 

experimental evolution of an environmental strain, Pseudomonas sp. nov. H2, carrying 

plasmid RP4. Strain H2 poorly maintains this and other plasmids of the incompatibility (Inc) 

group IncP-1, in contrast to close relatives such as P. putida (7, 21). This makes it an 

attractive host to determine the molecular mechanisms of bacteria-plasmid evolution. RP4 is 

a highly promiscuous, multidrug resistance prototype IncP-1α plasmid that was found in P. 

aeruginosa isolated from a burn wound (22, 23). We show that its persistence evolved 

rapidly and resulted in plasmid addiction, due to chromosomal mutations in genes encoding 
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accessory helicases and the β-subunit of the RNA polymerase, rpoB. More importantly, we 

demonstrate for the first time that a host adapted to one plasmid, can become generally more 

permissive to plasmid carriage. Understanding how these bacterial genes affect MDR 

plasmid retention could aide alternative drug therapies needed to combat the spread of 

antibiotic resistance (24).

RESULTS

An unstable plasmid-host pair stabilized due to host adaptation

To experimentally evolve a bacterium-plasmid association, three replicate populations of 

Pseudomonas sp. nov. H2 containing the promiscuous MDR plasmid RP4 were grown for 

ca. 600 generations (gen.) by serial batch transfer in Tryptic Soy Broth (TSB) and in the 

presence of the host- and plasmid-selective antibiotics, rifampicin (Rif) and tetracycline 

(Tet), respectively. At 100 gen. intervals plasmid persistence in the absence of Tet was 

assessed and shown to improve rapidly in all three replicate populations (Fig. 1 and 

Supplemental Fig. 1).

To establish if plasmid persistence increased due to evolution of the plasmid, the host, or 

both, it was measured for three clones (numbered 1–3) from each replicate population, and 

for all their possible bacteria-plasmid permutations: the ancestral plasmid (PA) and plasmids 

from nine evolved clones (PE) in both ancestral (HA) and evolved hosts (HE). Since host 

adaptation to its environment may affect plasmid persistence, we also determined the 

persistence of PA in one clone from each of three evolved plasmid-free populations 

(populations Ac-Cc, clones Ac1-Cc1, hereafter named ‘control’ populations or clones). The 

‘plasmid persistence profiles’, representing the plasmid persistence dynamics over time, 

were analyzed and compared using a recently described segregation and selection (SS) 

plasmid population dynamics model, combined with linkage cluster analysis (18). The 

difference between two plasmid persistence profiles is reflected in the magnitude of the 

Bayesian Information Criteria (BIC) generated by the pairwise comparisons, which permits 

the complex time series data to be clustered objectively. The plasmid persistence profiles 

clustered into three distinct groups, A–C (Fig. 2A). The group that contained all the RP4-

adapted HE hosts with either PA or PE (Group A) was clearly separated from the group 

containing the ancestral hosts with evolved plasmids, HAPE (Group B) (ΔBIC: −13,134 the 

more negative ΔBIC, the larger the difference between groups). Fig. 2B and Supplemental 

Fig. 1 show this clustering was due to improved persistence of both PE and PA in HE (Group 

A). The mean predicted time for the plasmid-bearing fraction to reach 1% (T1%) was 34 

days for Group A and only 18 days for Group B (Supplemental Table 1). This improved 

persistence was not due to adaptation to the environment, since the control clones clustered 

separately (Fig. 2A, Group C) due to very poor retention of PA, much like HAPA clones 

(Fig. 2B, Supplemental Fig. 1; ΔBIC −18,439 and −1,343, respectively). These findings 

indicate that the populations evolved with RP4 improved their ability to retain this plasmid 

due to plasmid-adaptive chromosomal mutations.
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Plasmid stabilization was due to plasmid addiction

To test if the improved persistence of RP4 was due to a change in conjugation rate (γ), 

segregation rate (λ), or plasmid cost (σ), we estimated model-based parameters and 

performed conjugation and competition experiments. First, to determine the best fitting 

model we fit the plasmid persistence profiles to both the segregation and selection (SS) and 

the horizontal transfer (HT) models described previously (7, 25). Since the SS model 

provided a better fit, conjugation was considered not important for persistence of RP4 

(Supplemental Table 2). This was supported by the low empirically measured transfer rate in 

liquid cultures (Supplemental Fig. 2). Estimates of λ and σ were obtained by jointly 

analyzing data from plasmid persistence and competition experiments. For unstable bacteria-

plasmid pairs the traditional estimations of plasmid cost through competition assays are 

confounded by the high plasmid loss rate during the assay. Moreover, that loss rate is often 

not reported. For highly persistent bacteria-plasmid associations, the plasmid persistence 

data do not contain enough information about the dynamics as plasmid-free hosts are rare, 

and they can be confounded by evolutionary changes during the course of the persistence 

assay. Our joint analysis provides the benefit of more accurate estimation of both parameters 

while taking into account the growth dynamics in serial batch culture (See Methods and 

Supplemental Methods). The most likely estimates (MLEs) for λ ranged from 6.16 × 10−8 to 

2.29 × 10−3, thus negligibly low. The plasmid cost σ was however drastically different 

between ancestral and evolved clones. While plasmid carriage imposed a fitness cost σ of 

6.5 – 7.9 % in the HAPA clones, it conferred a clear fitness benefit of 2.4 – 8.5 % in all HEPE 

clones (Fig. 3; Supplemental Table 3). Thus, in line with the first study on so-called 

addiction of a small non-conjugative plasmid by Lenski et al. (26), these results show that 

persistence of a self-transmissible MDR plasmid can improve solely due to chromosomal 

mutations that turned a plasmid cost into a benefit, resulting in plasmid addiction. So far as 

we know, no other study has shown the cost of a self-transmissible MDR plasmid to evolve 

to a benefit via chromosomal mutations only. It provides another explanation for how 

antibiotic resistance can spread and persist in bacterial populations.

Adaptation to one plasmid improved general plasmid permissiveness

To determine whether host adaptation to RP4 was plasmid-specific, or allowed for generally 

improved plasmid permissiveness, we tested the persistence of three naive plasmids in three 

plasmid-free segregants of RP4-adapted hosts (A2*, B2*, C2*), their corresponding 

ancestral hosts, and three control hosts (Ac1-Cc1). These plasmids were a closely related 

IncP-1β plasmid, and two plasmids that belong to different incompatibility groups: an IncW 

plasmid with a distantly related replication system, and an IncQ plasmid with an unrelated 

replication machinery. Strikingly, all three plasmids showed higher persistence in the RP4-

adapted clones than in the ancestral and control strains (Fig. 4 and Supplemental Fig. 3; 

Supplemental Table 4). Thus by adapting to one particular MDR plasmid. Pseudomonas sp. 

nov. H2 became more permissive towards distantly related antibiotic resistance plasmids. 

Bacterial communities and populations are known to be diverse in their plasmid 

permissiveness, but the underlying genetics are not understood (27, 28). These findings also 

suggest that the plasmid-addiction observed for RP4 was not due to the plasmid’s Tet 

resistance (TetR) gene, as previously shown (26), since the TetR gene is not present on two of 
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the three other plasmids. Addiction of our Pseudomonas strain to RP4 must thus be due to 

other genes shared by these three plasmids.

Genetic solutions towards improved plasmid cost and persistence

To identify mutations that could explain the improved persistence of plasmid RP4 we 

determined the complete genome sequences of all nine evolved clones, three control and 

three ancestral clones. Fourteen mutated chromosomal loci were identified among the nine 

evolved clones after excluding mutations also found in the ancestral and control clones (Fig. 

5, Supplemental Table 5). No mutations were found in any of the plasmid genomes, thus 

confirming that their improved persistence was due to host evolution.

Only two mutations were common among multiple clones from one or two plasmid-

containing populations. One was a non-synonymous transversion in a gene encoding a Xpd/

Rad3-like helicase protein (64% of the residues modeled at >90% accuracy on the Phyre2 

protein fold recognition portal; 29). This SNP, hereafter named Xpd/Rad3D672A, was found 

in three sequenced clones from populations A and two from population C (Supplemental 

Table 5). Moreover, the mutation was present in half of the sequenced target-specific 

amplicons obtained from these populations, but below the detection limit in population B, 

the ancestral- and the control populations (Supplemental Fig. 4). In clones A2 and C3 it was 

the only mutation after excluding the control SNPs. Finally, based on analysis using SNAP2 

(ProteinPredict; 30) the altered residue may have a detrimental effect on protein structure 

and hence function of the accessory helicase (Supplemental Fig. 5). Together these findings 

suggest that the mutation was selected by the presence of the plasmid.

The only other common SNP was found in all three clones from population B. It was an A to 

C transversion 32-bp upstream of an operon encoding an rRNA-binding protein (40% of the 

residues modeled at >91% accuracy), a DNA repair protein (65% of the residues modeled at 

100% accuracy) and an UvrD helicase (94% of the residues modeled at 100% accuracy). 

This atypical UvrD operon is located 2,007 bp downstream of the Xpd/Rad3-like ORF and 

both are within a low GC island that was likely acquired by horizontal gene transfer from an 

unknown source (Supplemental Fig. 6). This SNP was present in 30% of the sequenced 

amplicons from population B, and below the detection limit in all other populations, again 

suggesting it was adaptive to the plasmid (Supplemental Fig. 4). Although no consensus 

promoter elements could be identified in the vicinity of the SNP, we still refer to it as 

PuvrD_A-32C. Real-Time qPCR transcription analyses on one ancestral and evolved strain 

with and without plasmid show that the presence of the plasmid downregulated transcription 

of uvrD in the ancestor but not in the evolved strain (Fig. S9). This suggests that fine-tuning 

of UvrD levels was important for plasmid cost amelioration. The remaining SNPs were 

located in CDSs involved in metabolism, chemotaxis and response, or upstream of a gene 

encoding the 5S rRNA. Since they were never found in more than two clones from one 

population, we assumed they were not under strong selection.

To determine whether the accessory helicase SNPs were required for increased plasmid 

persistence, we separately reconstructed Xpd/Rad3D672A and PuvrD_A-32C in an ancestral 

and control host. In the ancestral host neither of the evolved alleles improved persistence of 

RP4. In contrast, these same two alleles, especially PuvrD_A-32C, improved persistence in 

Loftie-Eaton et al. Page 5

Nat Ecol Evol. Author manuscript; available in PMC 2018 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control host Ac1, albeit not quite to the same level as the corresponding evolved clones (Fig. 

6; Supplemental Fig. 7 and Supplemental Tables 6, 7, 8). Moreover, the alternate plasmids 

pB10, Rsa and RSF1010 were also much more persistent in control host Ac1 with evolved 

helicase alleles than in host Ac1 with ancestral allele. These results strongly suggest that 

epistasis between these accessory helicase mutations and at least one other mutation was 

responsible for general plasmid stabilization.

To identify mutations that may interact with the accessory helicase mutations, we screened 

for CDSs that had mutated in both the plasmid-adapted and plasmid-free control host Ac1. 

Only one such CDS was found and encodes the β-subunit of RNA polymerase (RpoB). 

Eleven of the 12 evolved strains contained the same secondary SNP in rpoB, whereas the 

remaining strain, Cc1, had a different SNP in the same gene (Fig. 5 and Supplemental Table 

5). Since the SNP in RpoB also arose in strains that did not carry RP4, they were likely 

adaptations to the growth environment. Thus, in control clone Ac1::PuvrD_A-32C, which 

retained the plasmid almost as well as the corresponding RP4-adapted host, the gene that 

most likely interacted with PuvrD_A-32C was rpoB.

DISCUSSION

The role of helicases in plasmid stabilization

Strikingly, our and at least three other studies that evolved different host-plasmid pairs now 

suggest that maladapted interactions between plasmids and host-encoded helicases adversely 

affect plasmid cost and persistence. Moreover, these interactions can often be improved by 

single mutations, suggesting we are zooming in on a potential general mechanism of 

bacterial adaptation to plasmids. First, in P. aeruginosa PAO1, loss-of-function mutations in 

a putative accessory helicase with a UvrD-like helicase C-terminal domain ameliorated the 

cost of a small non-mobilizable plasmid (16). This initial cost was due to the plasmid’s 

replication initiation (Rep) protein triggering an SOS response in the ancestral host, and the 

helicase knockout mutation reduced Rep expression (11). Second, experimental evolution of 

an IncP-1β mini-replicon in Shewanella oneidensis MR-1 improved plasmid cost and 

persistence through loss of a helicase (DnaB) binding domain in the plasmid’s Rep protein, 

reducing the protein’s affinity for DnaB (14). This likely avoided an SOS response that may 

explain the high cost of the ancestral plasmid (20). Third, when we evolved that same 

plasmid in another host, it stabilized in two clones due to a SNP in either the dnaB promoter 

or a uvrD gene (18). Finally, in the present study SNPs affecting two accessory helicases 

again compensated for the cost of RP4, and improved the persistence of this and three other 

BHR plasmids.

Helicases are involved in many aspects of DNA and RNA metabolism, such as replication 

(replicative helicases), and DNA repair, recombination, translocation, transcription, 

translation, and resolution of replication-transcription conflicts (accessory helicases) (31, 32, 

33). Accessory helicases such as Xpd/Rad3 and UvrD, generally have variable C- and N-

terminal accessory domains which determine their physiological specificity (34). 

Interestingly, UvrD and the Xpd/Rad3-like helicase DinG, have been shown to be 

upregulated as part of the SOS response induced by plasmid entrance and replication in a 

naïve host (35, 36, 37, 38). In E. coli, the UvrD homologue Rep helicase has been shown to 
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interact with DnaB, acting as a second motor that improves replication fork movement on 

the chromosome (39). UvrD helicases have also been shown to ‘backtrack’ the RNA 

polymerase complex to slow down transcription, thus preventing the complex from colliding 

with the replication fork and causing dsDNA breaks (32, 38).

In our study, host adaptation to plasmid carriage was facilitated by two different mutations; 

one that likely changed the Xpd/Rad3-like structure, and one that likely affected UvrD 

abundance. It was interesting to see that our plasmid decreased uvrD transcript levels in the 

ancestor where it imposed a high cost, but not in the evolved strains, where it had become 

beneficial. This suggests that higher UvrD levels are needed for plasmid persistence. The 

mechanisms by which these mutations affected plasmid cost and persistence are currently 

not understood but the topic of future work. A simple explanation like a change in plasmid 

copy number can probably be excluded based on very similar plasmid sequence coverage for 

the ancestral and evolved genomes (data not shown). We postulate three not necessarily 

mutually exclusive models: the accessory helicases interact with DnaB (i) or the plasmid 

replication initiation protein TrfA (ii) to modulate plasmid replication efficiency, or (iii) 

mutations in the helicases ameliorate the fitness cost of plasmid RP4 through their 

regulatory function.

Whatever the mechanism, further research should confirm that accessory helicases are 

involved in plasmid persistence across pathogens. The two accessory helicase genes in our 

Pseudomonas strain were likely acquired by HGT, consistent with previous findings for P. 

aeruginosa PAO1 (11), where it was proposed they caused genetic conflict with the plasmid. 

We intend to test whether these helicases hamper or improve persistence of various resident 

MDR plasmids in other strains, as this could aid the development of strategies aimed at 

slowing down the spread of antibiotic resistance in bacterial pathogens.

Potential epistasis between helicase and RpoB mutations

Stabilization of plasmid RP4 required not only mutations in loci selected in the presence of 

the plasmid, but also at least one mutation that seemed adaptive to the growth environment. 

The gene rpoB, which encodes the β-subunit of RNA polymerase (RNAP), was mutated 

across all sequenced plasmid-containing and control clones. It is thus the most likely 

candidate for epistatic interactions with the accessory helicases. The RNAP holoenzyme, 

consisting of five subunits, αI, αII, β, β′ and ω, together with the σ factor, is responsible for 

transcription (40). The β-subunit specifically, in addition to DNA binding, is involved in the 

modulation of transcription through interaction with σ factors (41) and DNA helicases (38). 

The rpoB mutation in question was secondary after the initial rpoB mutation that resulted in 

Rif resistance (RifR) in our ancestral strain. In the absence of the helicase mutations, these 

rpoB mutations did not improve plasmid persistence at all (Fig. 2). Thus, they most likely 

affect it only through epistatic interaction with the helicase mutations.

We propose two possible mechanisms of epistasis between the rpoB and helicase mutations 

that are not mutually exclusive. First, based on their location, the SNPs in rpoB likely 

compensated for the cost imposed by the initial RifR rpoB mutation (Table S5) by 

ameliorating transcription efficiency (42, 43). It is possible that without this compensatory 

mutation the helicase mutations were unable to significantly improve plasmid cost and 
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persistence. Second, it is striking that accessory helicases can bind to the RNAP complex, in 

particular RpoB, to slow down transcription and regulate backtracking (32, 38). Was there a 

need for mutations in RpoB to modify this physical interaction? Our secondary RpoB 

mutations are closer to the active site than to the helicase-binding residues, suggesting they 

may not affect helicase binding. They are also not close to the rpoB mutations that were 

shown to rescue viability of strains without accessory helicases (34). Future studies are 

needed to determine the mechanism by which the helicase and possibly rpoB mutations can 

transform a plasmid cost into a benefit for its bacterial host.

In conclusion, to combat the spread and persistence of plasmid-mediated antibiotic 

resistance, novel therapeutic approaches are needed that target mechanisms that affect stable 

retention of MDR plasmids (24). To do so we need to understand which chromosomal gene 

products stabilize or destabilize MDR plasmids across bacterial species and how. Our study 

led to at least three important conclusions that may impact the way we tackle MDR plasmid 

spread: (i) bacteria can adapt to conjugative MDR plasmids by changing plasmid cost into 

benefit, resulting in greatly improved plasmid persistence; (ii) this can be due to mutations 

affecting helicases that initially impaired plasmid persistence, a recurring evolutionary 

pattern that may lead to new antimicrobial therapies; and (iii) bacterial adaptation to one 

plasmid can lead to generally improved plasmid permissiveness, enabling future retention of 

MDR plasmids. So far as we know, this is the first time that antibiotic exposure is shown to 

select for bacterial mutants with increased general permissiveness toward transmissible drug 

resistance plasmids. These mutations may threaten the efficacy of traditional antibiotic 

treatments even more than single drug resistance mutations, as adaptation of a pathogen to 

one plasmid may result in improved retention of other plasmid-encoded antibiotic resistance 

determinants.

MATERIALS AND METHODS

Bacterial strains, plasmids and media

The bacterial strains and plasmids used in this study are listed in Supplemental Table 9. 

Unless otherwise stated, the RifR Pseudomonas sp. H2 was cultured in TSB or in Tryptic 

Soy Agar (TSA) supplemented with Rif (50 µg.ml−1) and, when necessary for selection of 

plasmid RP4, tetracycline (Tc, 10 µg.ml−1). The various strains of E. coli were cultured in 

LB broth or on LB agar supplemented with diaminopimelic acid (DAP; 10 µg.ml−1), 

ampicillin (100 µg.ml−1), kanamycin (50 µg.ml−1) and Tc (10 µg.ml−1) as required. All 

strains were grown at 30 ℃.

Plasmids RP4, pB10 and pRSA were introduced into H2 by conjugation from E. coli 

AT1036 while plasmid RSF1010.Km was introduced by mobilization from E. coli S17.1pir

+. Briefly, 1 ml of donor and recipient cultures were harvested by centrifugation and 

resuspended in 100 µl phosphate buffered saline (PBS, pH 7.4); 50 µl of each cell type was 

then mixed together and spotted onto a TSA surface and incubated at 30 ℃. After 1 h the 

cell mixture was scraped off the agar surface using a sterile inoculation loop, suspended in 1 

ml PBS and a dilution series spread onto the appropriate donor-, recipient- and 

transconjugant-selective TSA media. The remainder of the donor and recipient cultures were 

also spread onto transconjugant-selective TSA to verify media selectivity. Evolved RP4 
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plasmids were introduced into the ancestral H2 host by electroporation using standard 

methods (44).

Molecular methods

Conventional plasmid isolation and DNA manipulation techniques were used as described in 

Sambrook and Russell (44). Sanger sequencing was sourced to Elim Biopharm (California) 

and reaction composition were as per their instruction. Restriction enzymes and high-fidelity 

Phusion DNA polymerase were obtained from New England Biolabs (Ipswich, MA). 

Primers used in this study are listed in Supplemental Table 10. For subcloning of PCR 

products pJET1.2 was used as an intermediate PCR cloning vector (ThermoScientific, 

Waltham, MA). GeneJET PCR purification, plasmid miniprep, and gel extraction kits 

(ThermoScientific, Waltham, MA) were routinely used. Ligation products were transformed 

by electroporation into E. coli EC100Dpir+ (Epicentre, Madison, WI).

Experimental evolution

Triplicate populations of the RifR strain Pseudomonas sp. H2 (RP4) were evolved for ca. 

600 generations in serial batch cultures in the presence of Tc to select for the plasmid, and 

Rif to avoid contamination. In addition, triplicate plasmid-free populations were also 

evolved in the presence of Rif only. Each population was founded from a single colony that 

was inoculated into 5 ml TSB. Daily for a total of 60 days, 4.9 µl of culture was transferred 

to 5ml of fresh media (1024-fold dilution) to yield roughly 10 generations per day. Each of 

the populations was archived at −70 ℃ on day 0 and every 10 days in 30 % glycerol. After 

60 days the populations were diluted and spread onto TSA, and three single colonies 

representing three unique clones from each population were randomly chosen and archived 

in glycerol at −70 ℃.

Comparison of plasmid persistence

Plasmid persistence in the evolving plasmid-containing populations was assayed every 100 

generations as follows: 4.9 µl of each culture was transferred into 5ml TSB supplemented 

with Rif and maintained by serial batch transfer for 10 days. The growth conditions were 

thus the same as in the evolution experiment but without Tc selection for the plasmid. On a 

daily basis the fraction of TcR cells was determined as described previously (18) by 

spreading on TSA supplemented with either Rif only or both Rif and Tc to differentiate 

between plasmid-containing and plasmid-free cells.

Plasmid persistence for each the 9 evolved clones was measured for as described above, but 

starting from their respective archived glycerol stocks. Additionally, one of the first plasmid-

free segregants that were obtained for each clone was archived at −70 ℃, similar to the 

original plasmid-containing clone. Persistence of the ancestral plasmid as well as other naive 

plasmids in these evolved plasmid-free segregrants (denoted with an ‘*’) and in clones from 

the plasmid-free evolved populations was assayed in the same way after the plasmids were 

introduced into the respective hosts by means of conjugation or mobilization.

Where necessary, the plasmid persistence profiles, defined as the time series obtained from 

the plasmid persistence assays, were compared and analyzed using the plasmid population 
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dynamics models as described and implemented by us previously (7, 13, 18, 25, 45). The 

two models, defined as the segregation and selection (SS) or horizontal transfer (HT) 

models, describe the plasmid dynamics based on Maximum Likelihood Estimates (MLEs) of 

the segregation rate (λ), conjugation rate (γ), and cost (σ). The SS model employs only λ 
and σ, whereas the HT model employs all three parameters. As a first step in the analysis, 

the SS and HT models were compared to find the best fitting model based on the lowest 

negative log likelihood score for each plasmid persistence profile. Thereafter the different 

profiles were compared to each other to determine how similar or different they were based 

on the difference in the Bayesian Information Criteria (ΔBIC) score. In this method, the 

more negative the ΔBIC score the more different the profiles (see ref. 18 for more detailed 

information). To visualize the differences in plasmid persistence profiles a matrix of the 

ΔBIC scores was used to construct a complete linkage cluster dendrogram. To determine 

which of the resulting clusters or groups showed the highest plasmid persistence, the 

combined dynamics from each group was used to extrapolate the number of days till only 

1% of the population retained the plasmid (T1%). Where necessary T1% was also 

extrapolated for individual clones based on their individual profiles and MLEs.

Estimation of plasmid cost and segregational loss frequencies

Plasmid cost and segregational loss frequencies were estimated by jointly analyzing data 

generated from competition and persistence experiments using the SS model. Competition 

experiments were done by mixing plasmid-carrying strains and their isogenic plasmid-free 

counterparts at a 1:1 ratio and growing them under conditions resembling the plasmid 

persistence assays. Specifically, the cultures were inoculated from glycerol stock into 5 ml 

TSB containing the appropriate antibiotics and grown for 16 h. Thereafter 1.5 ml of each 

culture was harvested by centrifugation to remove the spent media and antibiotics, and cell 

pellets were resuspended in 1.5 ml PBS and their optical density measured at 600 nm 

(OD600). The appropriate volumes that represented a similar cell count for each competitor 

were then mixed together in a total volume of 200 µl. Of each mixture, 4.9 µl was inoculated 

in triplicate into 5 ml TSB supplemented with Rif and grown for 24 h, after which the 

cultures were again diluted 1024-fold into 5 ml of fresh medium and grown for another 24 h. 

Dilution series of the original mixed culture and after each 24 h time period were spread 

onto TSA supplemented with Rif. From here, the fractions of plasmid-containing and -free 

cells within each population were determined by scoring the absence or presence of growth 

for 52 colonies replicated onto TSA supplemented with Rif and with or without Tc. To be 

able to leverage the information from the competition assay together with the information 

from the persistence assays to better estimate the plasmid cost, the joint likelihood function 

coming from these two experiments was maximized, using our R package “StabilityToolkit”. 

In an online appendix that is publicly available, we provide extensive instructions to 

download and install this package, and perform these calculations (see code availability).

We note that although our SS and HT models are useful to jointly estimate cost, segregation 

and conjugation, they scale the cost parameter σ slightly differently than the traditional cost 

s (10,11, 13–17). Despite the different scaling, in the Supplemental Methods we show that 

both formulations concur in what constitutes a plasmid cost and a plasmid benefit (positive 
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and negative values of the cost parameters). A one to one transformation between σ and s is 

given by:  (see Supplementary file).

Conjugation assays to determine the conjugation rate constant

Conjugation between plasmid-containing donors (D) and plasmid-free recipients (R) was 

measured under growth conditions similar to those used for measuring plasmid persistence, 

with one difference. To distinguish D and R, the plasmid-free recipient strain was isogenic to 

the plasmid-free ancestor H2 but resistant to nalidixic acid rather than Rif. D and R cultures 

were grown for 16 h, their densities adjusted based on their OD600 and 4.9 µl of each culture 

were inoculated together into tubes containing 5 ml TSB. To quantify the total initial (N0) 

cell densities, a subsample of the mixture was immediately diluted and spread onto D-, R- 

and Transconjugant (T)-selective TSA and incubated at 30℃ for 24 h. The cultures were 

incubated at 30℃ with shaking for 24 h before being diluted and spread again onto the 

appropriate agar media to quantify total (N), D, R and T cell densities. The cell densities 

were then used to calculate the transfer rate constant λ (in ml/(cfu × t)) as follows and as 

described by Simonsen et al. (46):

where ψ is the maximum growth rate for the combined donor and recipient cultures, which 

is calculated from two optical density (OD600) determinations, say a and b, taken during the 

exponential phase, as follows (see ref. 46):

DNA sequencing and analysis

Genomic DNA (gDNA) was extracted from populations using a GenElute™ Bacterial 

Genomic DNA Kit (Sigma-Aldrich) according to the manufacturer’s instructions. The 

quality and integrity of the gDNA was assessed on a 1% agarose gel and the concentrations 

were determined fluorometrically using Quant-iT™ PicoGreen® dsDNA Reagent 

(ThermoFisher Scientific) on a SpectraMax® Paradigm® Multi-Mode Microtiter Plate 

Reader (Molecular Devices). To identify mutations in evolved clones compared to ancestral 

clones the gDNA was sequenced using a whole-genome shotgun approach with paired 300-

bp reads generated on MiSeq (Illumina) at the IBEST Genomics Resources Core (GRC) at 

the University of Idaho (USA). Sequencing adapters and low quality bases were trimmed 

using custom scripts after which the reads were mapped to the Pseudomonas sp. nov. H2 and 

RP4 genomes available in NCBI under accession numbers JRPO00000000 and L27758.1, 

respectively, using BreSeq version 0.26.1 (47). The genome and sequencing data were 

visualized using Circos version 0.69 (48).

To determine SNP frequency within heterogeneous populations amplicon libraries of the 

target regions were constructed using a dual barcoded two-step PCR amplification protocol 
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for sequencing on an Illumina MiSeq sequencing platform. Briefly, target sequences were 

amplified using sequence-specific primers containing universal CS1 and CS2 adapter 

sequences (Supplemental Table 10). The PCR reactions consisted of PCR buffer (New 

England Biolabs® Inc), 3 mM MgCl2 (ThermoFisher Scientific), 0.24 mg.ml−1 BSA 

(ThermoFisher Scientific), 200 µM dNTPs (ThermoFisher Scientific), 50 nM each of the 

appropriate forward and reverse CS-tagged primers, 0.025 U.µl−1 Taq DNA polymerase 

(New England Biolabs® Inc) and 2 ng.µl−1 gDNA in a final volume of 50 µl. The BioRad 

thermocycler parameters were as follows; 95 ℃ for 2 min, 20 cycles of 95, 51 and 68 ℃ 
each for 1 min and finally 68 ℃ for 10 min. The resulting PCR products were assessed on a 

1% agarose gel whereafter it was diluted 15-fold and used as template in a second PCR 

reaction to attach the appropriate barcodes. These PCR reactions consisted of PCR buffer 

New England Biolabs® Inc), 4.5 mM MgCl2 (ThermoFisher Scientific), 0.24 mg.ml−1 BSA 

(ThermoFisher Scientific), 200 µM dNTPs (ThermoFisher Scientific), 75 nM barcoded 

primer, 0.05 U.µl−1 Taq DNA polymerase (New England Biolabs® Inc) and 1:300 PCR 

product 1 in a final volume of 50 µl. The BioRad thermocycler parameters were as follows; 

95 ℃ for 1 min, 10 cycles of 95 ℃ for 30 sec, 60 ℃ for 30 sec and 68 ℃ for 1 min and 

finally 68 ℃ for 5 min. The quality and yield of the final amplicon libraries were assessed 

on an Agilent Bioanalyzer (Agilent Technologies) using the Agilent DNA 1000 kit as per 

manufacturer’s instruction. The resulting libraries were sequenced using on an Illumina 

MiSeq sequencing platform using MiSeq Reagent kit v3 at the IBEST GRC. Sequencing 

adapters and low quality bases were trimmed, the read numbers normalized using custom 

scripts and the SNP frequency determined using the Geneious R8 software package.

Gene expression analysis

Stationary phase bacterial cultures were diluted to an OD600 of approximately 0.005 in fresh 

TB, supplemented with Rif and Tet as required, and grown at 30°C. When the cultures 

reached an optical density of approximately 0.5 and 1.0, 1mL of cells were combined with 

200 µl stop solution (95% ethanol, 5% acid phenol chloroform). The cells were then 

harvested by centrifugation at 4°C (13,000 RPM, 2 min) and stored at −20°C until RNA 

extraction. RNA was extracted using GeneJET RNA Purification Kit (ThermoFisher 

Scientific) according to manufactures instructions. Residual genomic DNA contamination 

was removed by DNAse I (ThermoFisher) treatment at 37°C for 1h. The amount of RNA 

was quantitated using a NanoDrop (NanoDrop2000). For cDNA construction, 1 µg total 

RNA was added to the iScript Reverse Transcription Supermix kit (BIO-RAD) following 

manufacturers instructions. Quantitative Real-Time PCR was performed on ca. 150ng cDNA 

for uvrD and 3ng for 16S rRNA, using the iTaq Universal SYBR Green Supermix (BIO-

RAD) on a BioRad CFX-connect qPCR machine. The uvrD and 16S rRNA cDNA 

concentrations were quantified using the UvrD_helicase-Fwd/-Rev and 16S rRNA primer 

sets. The samples were normalized using the 16S rRNA levels and the uvrD gene expression 

relative to the plasmid-free ancestor was determined using the ΔΔCt method. The statistical 

significance of differences in gene expression relative to the ancestor was determined using 

Tukey's multiple comparisons test.
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Allelic exchange

Allelic exchange experiments were performed based on a modified protocol from Hmelo et 

al. (49). Briefly, the ancestral and evolved alleles were cloned into pPS04 and introduced 

into H2 by mobilization from E. coli S17.1pir+. Recombinants were selected on LB agar 

supplemented with kanamycin (50 µg.ml−1). For each allele, 46 merodiploid recombinants 

were replicated onto LB agar supplemented with kanamycin (50 µg.ml−1). Insertion of the 

vector into the H2 genome was confirmed by PCR using primers specific to the pPS04 aph-1 

gene and by verifying vector absence using a plasmid miniprep kit (ThermoScientific, 

Waltham, MA). Thereafter, a single clone for each allele was inoculated into 5 ml ‘no salt 

LB’ (NSLB) supplemented with 15% (w/v) sucrose and incubated for ca. 16h at 30 ℃ to 

select and enrich for double cross-over mutants. The stationary phase cultures were diluted 

and spread onto NSLB agar supplemented with 15% (w/v) sucrose and ca. 1,000 colonies 

were screened for the absence of the aph-1 gene by replication onto NSLB agar 

supplemented with 15% (w/v) sucrose and with or without kanamycin. Absence of the 

pPS04 aph-1 gene was also confirmed by PCR. To verify the correct genotype for each allele 

PCR products were generated in each case from 24 clones using the H2_Xpd/Rad3_Seq and 

H2_UvrD_Seq primer pairs and sequenced by means of Sanger sequencing in both the 

forward and reverse directions (Elim Biopharm). In each case, a clone that retained the 

original allele was also saved and used to control for the effect of allelic exchange on the 

host.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plasmid persistence profiles measured at 100 gen. intervals during the 600 gen. 
evolution experiment for replicate populations A to C (panels A to C, respectively)
Each data point represents the mean fraction of plasmid-containing (P+) cells (n = 3).
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Figure 2. The mutations responsible for increased plasmid persistence are located in the host 
chromosome
(a) Based on complete linkage distance analysis of the plasmid persistence profiles, 

permutations of all the RP4-adapted hosts, HEPA or HEPE, clustered together (Group A), 

whereas all permutations of evolved plasmids in ancestral host (HAPE) clustered as Group B, 

and all ancestral or control hosts with the ancestral plasmids in Group C (HAPA and HEPA, 

respectively). (b) Plasmid persistence profiles for the individual ancestral, evolved and 

control clones and their different permutations, grouped (A to C) according to their 

clustering. Each data point represents the mean fraction of plasmid-containing (P+) cells (n 

= 3). The different host-plasmid permutations are: Ancestral host-ancestral plasmid (HAPA); 

evolved host-evolved plasmid (HEPE); ancestral host-evolved plasmid (HAPE) and evolved 

host-ancestral plasmid (HEPA). See also Fig. S1 and Table S1 for the modeled predictions.
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Figure 3. Evolution of plasmid cost into benefit rather than a change in segregational loss 
frequency facilitated improved plasmid persistence
The effect of the plasmid on host fitness, i.e. plasmid cost (a), and segregational loss 

frequency (b) were jointly estimated using conjugated data from plasmid persistence assays 

and competition experiments using the SS model for the ancestral host-plasmid pairs HAPA 

and their respective evolved HEPE clones from replicate populations A to C. Evolved clones 

in each population are ordered sequentially from 1 to 3. For each conjugated dataset n = 3. 

The vertical lines represent deviations in the model output. The large deviations indicate that 

Loftie-Eaton et al. Page 18

Nat Ecol Evol. Author manuscript; available in PMC 2018 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a wide range of maximum likelihood estimates are possible for that parameter. The 

asymmetry of the lines is due to the date being plotted on a log scale.
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Figure 4. Pseudomonas sp. nov. H2 evolved to be more permissive towards both related and 
unrelated plasmids
The plasmid persistence profiles in three clones each of RP4-adapted, ancestral and control 

hosts are shown for three naive plasmids: (A) the closely related IncP-1 β plasmid pB10, (B) 

the distantly related IncW plasmid Rsa, and (C) the unrelated IncQ-1α plasmid RSF1010. 

They always clustered into two distinct groups: Group A contained the three RP4-adapted 

hosts and Group B the ancestral and control hosts, naïve to the plasmid. Note that due to the 

extremely low persistence of plasmids Rsa and RSF1010, the initial fractions of plasmid-

containing (P+) ancestral cells were not close to 1, even though the pre-culture contained 
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plasmid-selective antibiotics. This is due to survival of plasmid-free cells in the pre-cultures 

and additional plasmid loss in the colonies during replica-plating. Moreover, the persistence 

of Rsa in the ancestral host was so poor that no temporal data could be collected to compare 

to the other Rsa persistence profiles. Each data point represents the mean fraction of P+ cells 

(n = 3). See also Fig. S3 and Table S4 for the modeled predictions.
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Figure 5. SNPs identified in the chromosome of each sequenced clone, as compared to the Rif 
sensitive reference strain Pseudomonas sp. nov. H2
White dots represent SNPs. The black line within the innermost green (low) and blue (high) 

ring indicates GC-content. Each set of four colored rings represents four clones from the 

following populations: control (red) and the three plasmid-containing populations A–C 

(orange, green, blue, respectively). Within these are shown, again from inside to outside: the 

ancestral (light-colored) and three evolved (dark-colored) clones. The latter correspond to 

control clones Ac1, Bc1, Cc1, and RP4-adapted clones A1-3, B1-3, and C1-3. The 

outermost black line represents the reference genome. Only contigs with at least 1 SNP in 

comparison to the reference genome are displayed. Excluded are three small contigs (84, 86 

and 132) possibly representing different regions of the same lapA gene and which contains 

multiple SNPs present in either the ancestral or various evolved strains. However, due to 

highly variable sequencing coverage, most SNPs are likely sequencing errors. Numbered 
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ticks indicate nucleotide position (× 1000) along the contig and the contig numbers are 

indicated in bold. When two or more SNPs cannot be resolved in the figure the numbers in 

parentheses behind the gene or locus names indicate the number of unique variants followed 

by the number of nucleotides that separate those variants. The radius of contigs 24 and 67 is 

enlarged by 105%, and nucleotides 10,700 to 11,000 on contig 67 are zoomed 100-fold to 

highlight and resolve the helicase and rpoB mutations, respectively. Importantly, there were 

three rpoB mutations on contig 67: one in all strains including the RifR ancestors, causing 

Rif resistance, and two in all strains evolved with and without RP4. For details on the 

mutations and a full description of gene names, see Supplemental Table 5.
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Figure 6. At least two mutations were required for full plasmid persistence, one plasmid-adaptive 
and one environment-adaptive mutation
Complete linkage cluster analysis (left) of the persistence profiles (shown to the right) of 

plasmid-adapted clones A2 (A2.HEPA in panel A) and B2 (B2.HEPA in panel B), and 

control clone Ac1 and ancestral clone Anc, each containing either the evolved or ancestral 

allele of Xpd/Rad3D672A (denoted as XpdEvo or XpdAnc) (A), and PuvrD_A-32C (UvrDEvo or 

UvrDanc) (B). See also Supplemental Fig. 7 and Supplemental Tables 6, 7, 8 for the modeled 

predictions. Each data point represents the mean fraction of plasmid-containing cells (n = 3).
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